Elastin-like polypeptides (ELPs) have found utility in tissue engineering applications, not only because they are biocompatible, biodegradable, and non-immunogenic, but also because their amino acid sequence and molecular weight can be precisely controlled at the genetic or synthetic level, affording exquisite control over final protein functionality. This review presents a basic overview of ELP properties and modifications that are relevant to tissue engineering, as well as a discussion of the application of ELPs to cartilage, intervertebral disc, vascular graft, liver, ocular, and cell sheet engineering.
Introduction
Biomaterials used in tissue engineering applications must be able to fill and assume the shape of a replacement tissue, void or defect, support the necessary cellular processes needed to regenerate tissue that will function like native tissue, enable efficient nutrient and waste exchange to support those cells, supply the necessary physical properties required for a given tissue, and remain fixed within the target area for a chosen period of time [1] [2] [3] . These goals have historically been targeted by a variety of synthetic and naturally occurring polymers that can be processed into various forms, such as felts, meshes, foams, and gels. A common obstacle in designing optimal biomaterials for many applications is the difficulty in meeting multiple and often competing design goals with any one strategy. For example, synthetic polymers are often biocompatible, but they lack cues for cell attachment and tissue growth, which has led to the need for modification of many of these materials with bioactive sequences and factors. Conversely, naturally occurring polymers derived from extracellular matrix proteins, offer the advantage of biological signaling, but can be antigenic and their physical properties are more difficult to modulate than synthetic polymers.
Human elastin provides unique physical characteristics to the connective tissue in which it is found (skin, ligament, arteries, specialized cartilages), lending both strength and extensibility. Elastin is a 68 kDa protein comprised of approximately 800 amino acid residues [4] , containing two main domains: highly hydrophobic domains and crosslinking domains, which give the tissue its mechanical properties, and at the same time, allow it to form a crosslinked network with neighboring molecules [5] . A large number of polymers have been newly synthesized for tissue engineering using human elastin sequences for their building blocks, with the goal of precise control of the physical and functional properties of the polypeptide at the genetic or chemical synthesis level. One class of artificial repetitive polypeptides derived from elastin are elastin-like polypeptides (ELPs), which are polymers of the pentapeptide motif VPGVG that is observed to recur in the tropoelastin gene across species [4] . ELPs are thermally responsive and can undergo a reversible inverse temperature phase transition, whereby ELP molecules will hydrophobically self-associate with an increase in temperature above a characteristic transition temperature (T t ), forming a highly viscous fluid termed a coacervate. The fourth amino acid, V in each pentapeptide repeat of poly(VPGVG) can be substituted with any amino acid, and provides a simple and rational way to tune the T t of an ELP [6] . In addition to the type and fraction of the 4 th -guestresidue X-in the VPGXG repeat, the T t is also dependent on ELP MW and concentration. In fact, the T t of ELPs follows the Hofmeister almost perfectly, albeit at much lower concentrations than are used to salt proteins out, and provide a rational and predictable method to isothermally trigger the phase transition of an ELP by the addition of salt.
ELPs are attractive for tissue engineering for at least five important reasons: first, because ELPs can be genetically encoded, their synthesis from a synthetic gene in a heterologous host (e.g., bacteria or eukaryotic cell) provides complete control over the amino acid sequence and MW, two variables that are not easy to precisely control in synthetic polymers. Second, ELPs are readily expressed form a plasmid-borne gene in E. coli to relatively high yields (~500 mg/L growth), which also makes them attractive for tissue engineering applications where large quantities of polymer are often required. Third, they can be readily purified from E. coli -and other-cell lysates in batch process by exploiting their inverse temperature phase transition without the need for chromatography, which greatly simplifies large scale purification of ELPs [7] . Fourth, ELPs can be engineered to approach the viscoelastic properties of native elastin upon crosslinking. Finally, they are biocompatible, biodegradable, and nonimmunogenic [8] .
The temperature sensitivity of ELPs may be exploited in tissue engineering applications for those applications that may benefit from biomaterial formulations that are injectable and may be triggered in some way to form a solid matrix after defect filling. The inherent thermal transition properties of ELP provide a natural trigger for coacervation, and reversibility of the phase transition enables recovery of ELP from applications that desire a scaffold-free outcome. ELPs may also be designed to be mixed with a biocompatible crosslinker that is also triggered by temperature or other external stimulus in order to form a mechanically robust scaffold after crosslinking. These features allow ELP solutions to be biocompatibly mixed with cells or other bioactive factors prior to gelation (thermal or crosslinking) and to be injected into a defect site to form a mechanically functional scaffold upon implantation. This eliminates the lag time associated with some other implantable scaffolds that only become mechanically robust after the initiation of new tissue formation.
In an effort to further tune the properties of ELPs for a myriad of tissue engineering applications, they have been processed in a variety of ways to form gels [8] [9] [10] [11] [12] [13] , films [14] [15] [16] , foams [13] , and fibers [17, 18] . Many of these methods will be presented in greater detail in the sections to follow, but generalized processing methods are provided here. Because the fourth residue in the pentapeptide sequence of ELP (VPGXG) may be modified to essentially any amino acid, the possibilities for modification and crosslinking of ELP sequences is vast. For example, the substitution of a primary amine (e.g., lysine or alanine) in the guest residue position has been used to incorporate a reactive site along the ELP backbone for chemical modification, such as crosslinking or peptide functionalization [10, 11, 16, 19, 20] . Direct crosslinking of ELPs has been carried out in this manner to form gels and films. Likewise, lysines have also been used as the site for further chemical modification for the addition of acrylate groups in order to form photocrosslinkable ELP substrates [12] .
Cell recognition sequences such as RGD or REDV have also been incorporated into proteins containing the ELP sequence in order to modify their cell adhesive properties [15, 21, 22] . This has been done both recombinantly and synthetically, and has been shown to transform an otherwise non-cell adhesive ELP sequence into a substrate that mimics other native protein substrates [21] . In addition, block copolymers designed at the genetic level enable synthesis of ELPs with alternating blocks containing hydrophobic, hydrophilic, crosslinking, and cell recognition sequences in order to introduce virtually limitless variations in the mechanical, swelling, degradation, and crosslinking properties of the final processed form [13, 23, 24] . This method has also been used to produce silk-elastin like polymers [25] that have application in tissue augmentation, tissue engineering [26] , and drug/gene delivery [27] [28] [29] . ELPs thus provide a high level of control over polymer design for specific applications.
Tissue Engineering Applications

Cartilage and Intervertebral Disc Tissue Engineering
Different ELP variants have been used for various applications associated with cartilage tissue engineering and regeneration. Early studies indicated the value of uncrosslinked ELPs for promoting rapid accumulation and retention of chondrocyte-associated matrix in a method designed to allow longer-term monolayer culture of chondrocytes without dedifferentiation [30] . In this work, Betre and co-workers entrapped primary chondrocytes in an ELP solution designed to undergo transition and coacervation at 35°C, thereby enabling the entrapment of cells. Because the transition of ELPs is completely reversible, cells and their accumulated matrix could be recovered after 10 days of culture by gentle agitation at room temperature and plated in monolayer culture on Transwell membranes. Two-week and four-week monolayer culture of these cells with their matrix revealed maintenance of the chondrocyte phenotype, as seen by accumulation of type II collagen and sGAG ( Figure 1A ) [30] . This work demonstrated the utility of ELPs for promoting an environment that would encourage chondrogenesis and led to the use of coacervated ELP as a scaffold for later cartilage tissue engineering investigations. Betre and co-workers later showed that ELPs promoted the synthesis and accumulation of articular cartilage ECM for both primary chondrocytes [31] and adult stem cells (hADAS cells) [32] . Additionally, it was found that ELP promoted the differentiation of stem cells down a chondrocytic pathway without the addition of chondrocyte-specific growth factors [32] , suggesting ELPs as valid candidate materials for cartilage tissue engineering in vitro.
As cartilage is a load bearing tissue [33] , conventional thinking suggests that scaffolds used for filling defects in situ should also be capable of bearing load. Uncrosslinked ELPs possess shear moduli that are four orders of magnitude below that of articular cartilage [31, 34] (Figure 2 ), suggesting that modification of the ELP would be necessary in order to use this method for defect filling. To that end, McHale and co-workers developed glutamine-and lysine-containing ELPs that could be enzymatically crosslinked via tissue transglutaminase in order to increase load-bearing capabilities [11] . ELPs crosslinked in this manner formed turgid hydrogels with shear moduli that were two orders of magnitude greater that of uncrosslinked ELP, and retained the ability to promote the synthesis and retention of cartilage matrix by entrapped primary cells [11] . However, this method of crosslinking did not go to completion in a clinically relevant time, leading to the development of a chemical crosslinking scheme that would allow the evolution of increased mechanical properties in a shorter time frame (< 5 minutes). In this work, Lim and co-workers pioneered the crosslinking of lysine-containing ELPs [10, 20, 23] with (β-[Tris(hydroxymethyl) phosphino] propionic acid (betaine) (THPP). These ELPs possessed mechanical properties three orders of magnitude greater than uncrosslinked ELP after only a five minute reaction time with a biocompatible crosslinker that enabled entrapment of cells [10] (Figure 2 ). ELPs crosslinked in this method were later used for in vitro tissue engineering as well as injectable scaffolds for cartilage regeneration in a goat model of an osteochondral defect (Figure 3 ). Both in vitro and in vivo studies resulted in synthesis of new cartilage-like matrix (Figures 1B and Figure 4A , respectively), and showed the ability of ELPs to be used as injectable biomaterials for cartilage regeneration [35] . This work also made use of an ELP containing a histidine (-his) tag, which introduced an epitope by which ELP remaining in the defect site after in vivo incubation could be tracked, demonstrating another useful modification of ELP that can be made at the genetic level [36] . These histidine tagged ELPs were also used to show the degradation profile of his-tagged ELPs in various enzyme solutions (trypsin, collagenase, elastase, or PBS) by tracking hydrogel wet weight over time ( Figure 5 ), suggesting that ELPs may be tuned to degrade in vivo at a chosen rate [36] .
More recently, studies were undertaken to understand the effects of physico-chemical properties of ELPs on cartilage matrix synthesis in vitro, towards the goal of obtaining candidate ELP formulations with optimized properties for in vivo use. In this work, sixteen lysine-containing ELP formulations were evaluated for their mechanical properties and their ability to promote cartilage matrix synthesis by encapsulated primary chondrocytes. These ELP formulations varied by frequency of lysine along the ELP backbone, their solution concentration, and molecular weight. This led to such a large number of combinations of variables that an artificial neural network analysis was needed to discern relationships between the properties of ELP-associated biological and mechanical outcomes [37] . This study revealed a significant dependence of mechanical properties, chondrocyte viability, metabolism, and matrix synthesis on crosslink density (lysine frequency), followed by ELP solution concentration, with little dependence of biological or physical outcomes on molecular weight [37] . These studies serve to illustrate the utility of ELPs as uncrosslinked or crosslinked scaffolds for promoting cartilage matrix synthesis and regeneration in vitro and in situ.
Block co-polymers of silk and elastin peptide sequences, termed SELPs, were synthesized by Cappello and co-workers over 30 years ago and have a long history of investigation and development for multiple applications. These polymers are produced recombinantly using similar methods as those used to produce ELPs, and contain an amino acid motif from Bombyx mori (silkworm) silk (GAGAGS) as well as ELP repeats [25] . These SELPs have been investigated as an acellular therapy for cartilage repair in a rabbit model of an osteochondral defect [38] . In this work, SELPs were injected into osteochondral defects on the femoral condyles of rabbit knees and remained in the defect for 12 weeks, demonstrating an ability to deliver SELPs in solution phase and trigger a crosslinking reaction and subsequent gel formation in vivo. This work was later continued in the goat ( Figure 3A) . SELPs have also been investigated for their ability to promote cartilage matrix synthesis by human mesenchymal stem cells (hMSCs) [26] . The ELP repeats used in this work were largely VPGVG but also included a substituted sequence using K. The final polymer is termed SELP-47 K. hMSCs were encapsulated in SELP-47 K, which is fluid at room temperature and undergoes gelation at 37C, and cultured for 28 days in the presence or absence of transforming growth factor (TGF-β3). Upon evaluation for cell viability, biochemical components of cartilaginous matrix (sGAG and collagen), and gene expression, SELP-47K was found to maintain cell viability in the presence or absence of TGF-β3, and promote increasing accumulation of sGAG and collagen over time in the presence of TGF-β3. These polymers have also been extensively investigated for drug and gene delivery, suggesting the possibility of combining these technologies for drug or gene-directed tissue engineering.
ELPs created from exons of the human tropoelastin gene have been used for cartilage tissue engineering applications in the knee and intervertebral disc (IVD) [39] [40] [41] [42] . An ELP created from exons 20 -(21-24) 4 (termed EP20-24-24-24-24) was crosslinked with genepin to form a turgid hydrogel, which was subsequently press-fit into osteochondral defects in rabbits. This initial feasibility and biocompatibility study showed retention of the ELP implant in the defect with no significant inflammation and limited local degradation, while allowing for an environment that was more conducive to new hyaline cartilage deposition compared to unfilled controls [39] . It is also noteworthy that compressive mechanical tests showed that the aggregate modulus of these implants was in the range reported for native articular cartilage [39] , a potential advantage of this technology for a press-fit type application to cartilage repair. In other studies, a composite scaffold was created, which combined EP4 (four repeats of exons 20-24) with a thiol-modified hyaluronan and a polyethylene glycol diacrylate (PEGDA) crosslinker for nucleus pulposus repair and/or treatment of early degenerative disc degeneration (DDD) [40, 41] . This composite scaffold was first evaluated for its ability to support viability and gene expression of NP-associated genes for pathologic human disc cells. These gels were shown to possess an aggregate modulus of 27.6 kPa and support cell viability and phenotype [40] . However, when the same polymer was injected acellularly into a disc puncture model of DDD in rabbits, there was no evidence of an inflammatory response, but there were no differences between treated and untreated discs in disc volume or histology [41] , suggesting limited benefit of injection of the ELP. However, modifications to the current scaffold, such as the addition of cells or bioactive factors, could improve efficacy in this model.
Vascular Graft Tissue Engineering
ELPs and peptide-ELP hybrids have also been studied for their potential application in small diameter vascular graft tissue engineering [15, 16, 21, [43] [44] [45] . In early work, Nicol and Urry explored the possibility of incorporating cell recognition peptide sequences into ELPs in order to promote endothelial cell adhesion [46] . To this end, Nicol and Urry co-polymerized a peptide containing the RGDS sequence with that of an ELP sequence to create copolymers consisting of various ratios of ELP repeats and RGDS repeats [21] . These biopolymers were induced to undergo a temperature-induced phase transition, and then gamma-irradiated to promote crosslinking of a gel-like, cell adhesive matrix. In this work, cell attachment and spreading on copolymers consisting of at least a 60:1 (x : y basis) ratio of ELP to RGDS were found to be similar to that of cells plated on adsorbed fibronectin, a positive control substrate known to promote endothelial cell attachment and spreading ( Figure 6 ). However, when the ratio of ELP to RGDS was below 60:1, cell attachment and degree of spreading fell sharply. This work suggests not only that cell recognition sequences can be incorporated into ELPs that result in similar levels of cell attachment and growth as a control substratum, but also that the "naked" ELP sequences (e.g. poly(VPGVG)) are poor substrates for cell adhesion [21] and that creating bioactive ELP matrices is probably essential for their application to vascular graft tissue engineering.
Incorporating peptide motifs that present biological cues to cells has been a focus of recent work that has the dual goals of developing materials that support the development of a confluent endothelial layer while matching the compliance of the surrounding tissue in order to prevent intimal hyperplasia and thrombosis. One approach to achieve these goals has been to design recombinant hybrid materials, termed artificial ECMs (aECMs), that combine a cell-binding domain with the elastic properties of a recombinant elastin sequence [22] . In this work, several aECMs were developed that include the CS5 cell binding domain from fibronectin, which contains the REDV domain that has been shown to be important for endothelial cell binding (Figure 7) . The CS5 domain was incorporated into a recombinant polymer that included ELP sequences designed to undergo temperature-driven transition at room temperature and separate ELP domains containing lysine residues either within the ELP sequence or on the N-and C-terminus of the protein to provide a site for chemical crosslinking of the aECM [16, 22, [43] [44] [45] . These studies showed that the mechanical properties of these crosslinked aECMs approached that of native elastin, and were tunable depending on crosslinker ratio (Figure 8 ) [16, 43] . Furthermore, these studies showed that endothelial cells attached to aECMs when the entire CS5 domain was incorporated [44] into the biopolymer, in contrast to low cell attachment when only the REDV sequence from CS5 was incorporated into the biopolymer [47] . Furthermore, the placement of lysine as the crosslinking residue outside of the ELP domain, further increased endothelial cell attachment compared to polymers with the crosslinking domain included in the ELP domain [45] .
PEGylated aECMs that include the RGD motif have been used to control the biological information that is presented to cells while controlling for non-specific adhesion, without varying the chemical and physical properties of the aECM [15] . This was accomplished by determining the density of RDG-containing PEGylated aECM necessary to mimic adhesion to fibronectin, and then mixing in a PEGylated aECM containing the scrambled RDG sequence in a ratio that preserved cell adhesion as well as crosslinked gel properties [15] . Triblock elastin polymers have also been used to impregnate expanded polytetrafluoroethylene vascular grafts as antithrombogenic coatings and were shown to reduce both platelet aggregation and fibrin deposition in small diameter vascular grafts compared to uncoated controls [48] .
Ocular Tissue Engineering
ELPs have also been investigated for application in ocular tissue engineering. Namely, ELP sequences containing two distinct elastin blocks have been engineered to also contain the CS5 fibronectin domain for cell attachment as well as an enzyme recognition sequence for elastase to aid in biodegradation [49] . In these studies, the ELPs have been adsorbed to glass surfaces and shown to promote epithelial cell attachment, proliferation, and retention of the differentiated phenotype [49] . The goal of this work is to develop naturally-derived polymer scaffolds to be used in ocular surface tissue engineering [50] .
Liver Tissue Engineering/Polyelectrolyte ELPs
In studies geared toward understanding and controlling hepatocyte morphology, differentiation state, and function, ELPs were chemically conjugated to polyelectrolytes and used as a substratum for primary hepatocyte culture [51] . When cultured on ELP alone or ELP conjugated to a negatively charged polyelectrolyte, hepatocytes rapidly spread, while forming spheroids on ELPs conjugated to positively charged polyelectrolytes. These morphological differences translated to important functional differences, as assessed by the ability of the cells to produce albumin and urea, two important markers of hepatocyte function. Cells cultured on ELP surfaces conjugated to a positively charged polyelectrolyte displayed an increased rate of production of both urea and albumin, compared to cells cultured on ELP alone, or ELP conjugated to a negatively charged polyelectrolyte. Furthermore, it was found that ≥ 80% of the culture surface needed to be coated with ELP conjugated to a positively-charged polyelectrolyte in order for spheroid formation to occur, which translated into increased hepatocyte function [51] . These studies point to the ability to use ELPs in liver tissue engineering applications as well as in studies designed to ascertain the function of regenerating hepatic tissue [52] . In an extension of this work, cells were cultured on multilayer substrates formed by depositing alternating layers of ELP and polyelectrolyte. These studies indicate that the thickness as well as the mechanical integrity of the multilayer substratum are important for regulating cell proliferation as well as the formation of focal adhesions [52] . This layer-by-layer fabrication approach using ELPs could be useful in tissue engineering applications requiring controlled layering of cells.
Cell Sheet Engineering
There is much interest in engineering scaffold-free tissue replacements. To this end, ELPs have been used to form cell-sheet growth substrates from which they can be recovered as simply cells and their ECM [53] . As discussed previously, ELPs by themselves are not particularly cell adhesive. Thus, in this work, ELPs were mixed with RGD-functionalized ELPs and adsorbed onto tissue culture plates. Cells were then mixed with the RGDcontaining ELP and plated on the ELP -ELP-RGD coated surface. Cultures were maintained above the transition temperature of the ELP sequences, and after several days, the temperature was lowered below the transition temperature of the ELPs, thereby releasing the cells with their ECM as a sheet, which contained no ELP polymer [53] . This work demonstrates a novel scaffold-free system for engineering tissue replacements in the form of sheets, simply by exploiting the genetic and inverse transition characteristics of ELPs.
Conclusions
ELPs are attractive for tissue engineering applications where mechanical properties are of importance along with the ability to precisely control the physicochemical properties of the scaffold. ELPs are very easily synthesized at scales necessary for tissue engineering, and can be easily crosslinked to form foams, gels, and fibers. ELPs are biocompatible, showing no in vivo signs of adverse immune responses. ELPs composed of the poly(VPGXG) motif are slowly degraded in vivo, and their rate of degradation can be further tuned by the explicit incorporation of specific protease recognition sites within the ELP sequence. ELPs are not cell-adhesive, but support cellular viability and phenotype of cells that do not need to adhere to the substrate, while it is trivial to incorporate cell adhesive peptide sequences into ELPs if necessary. ELPs are particularly attractive for recovery of cells and cell sheets for scaffoldfree tissue engineering applications by exploiting their inverse temperature phase transition. ELPs are also attractive as co-polymers, as their thermal and non-adhesive properties have the ability to contribute unique features. Future work using ELPs for tissue engineering could focus on more specific characterization of biocompatibility, biotransport and degradability, as well as further manipulation of form (fibers, foams, etc.) in order to perturb nutrient transport and degradation characteristics. Safranin-O stained histology of (A) tissue resulting from a two-step recovery method for dedifferentiated chondrocytes using uncrosslinked ELP and (B) cartilage-like tissue synthesized by articular chondrocytes encapsulated in THPP-crosslinked ELP. Effect of various crosslinkers on the magnitude of the complex shear modulus (|G*|) compared to uncrosslinked ELP and native articular cartilage. TSAT = tris-succinimidyl aminotriacetate. Superscript numbers refer to bibliography numbers. MRI images of (A) SELP and (B) ELP filling osteochondral defects in goat femoral condyles. White arrows indicate biomaterial. Histology images of (A) unfilled control and (B) ELP-filled osteochondral defects in goat femoral condyles stained with Masson's Trichrome. "ac" denotes articular cartilage; "b" denotes bone; and "*" denotes biomaterial. Degradation profiles for ELP [KV 6 ]-112-His in various enzyme solutions. ◆ 0.05 % trypsin; ■ 0.01% trypsin; ▲ 0.01% elastase; • 0.05% collagenase; and × PBS. Amino acid sequences of the aECM proteins incorporating an ELP sequence that were used for endothelial cell adhesion. Each sequence contains a T7 tag (green) to aid in protein expression and detection. aECM 1 and 2 contain a hexahistidine tag (orange), an enzymatic cleavage site (dark blue), and three cassettes of the CS5 binding domain (red) interspersed with elastin-like repeats (light blue) that contain lysine sites for crosslinking. In aECM 2, the minimal recognition sequence within the CS5 domain has been scrambled to provide a negative control. aECM 3 contains five cassettes of the CS5 binding domain interspersed with twenty-five elastin-like repeats. These cassettes are flanked by lysine residues for sitespecific crosslinking. Modified from Heilshorn et al, 2003 . Stress-strain behavior of films cross-linked in PBS at 25°C with NHS/lysine ratios of 0.05:1, 1:1, and 1.5:1. Reproduced from DiZio et al [43] with permission from the American Chemical Society.
